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Non-Small-Cell Lung Cancer Molecular Signatures
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Current paradigms hold that lung carcinomas arise
from pleuripotent stem cells capable of differentiation
into one or several histological types. These paradigms
suggest lung tumor cell ontogeny is determined by con-
sequences of gene expression that recapitulate events
important in embryonic lung development. Using oli-
gonucleotide microarrays, we acquired gene profiles
from 32 microdissected non-small-cell lung tumors. We
determined the 100 top-ranked marker genes for ade-
nocarcinoma, squamous cell, large cell, and carcinoid
using nearest neighbor analysis. Results were validated
by immunostaining for 11 selected proteins using a
tissue microarray representing 80 tumors. Gene expres-
sion data of lung development were accessed from a
publicly available dataset generated with the murine
Mullk genome microarray. Self-organized mapping
identified two temporally distinct clusters of murine
orthologues. Supervised clustering of lung development
data showed large-cell carcinoma gene orthologues
were in a cluster expressed in pseudoglandular and
canalicular stages whereas adenocarcinoma homo-
logues were predominantly in a cluster expressed later
in the terminal sac and alveolar stages of murine lung
development. Representative large-cell genes (E2F3,
MYBL2, HDAC2, CDK4, PCNA) are expressed in the
nucleus and are associated with cell cycle and prolifer-
ation. In contrast, adenocarcinoma genes are associated
with lung-specific transcription pathways (SFTPB, TTF-
1), cell adhesion, and signal transduction. In sum, non-
small-cell lung tumors histology gene profiles suggest
mechanisms relevant to ontogeny and clinical course.
Adenocarcinoma genes are associated with differentia-
tion and glandular formation whereas large-cell genes
are associated with proliferation and differentiation ar-
rest. The identification of developmentally regulated
pathways active in tumorigenesis provides insights into
lung carcinogenesis and suggests early steps may differ
according to the eventual tumor morphology. (4Am J
Pathol 2003, 163:1949-1960)

Lung cancer, the leading cause of cancer death in the
United States with 157,200 deaths expected in 20083, is
also the leading cause of cancer death worldwide with
1.1 million annual deaths."® The lung cancer 5-year-
survival rate has remained ~13 to 15% throughout the
past 3 decades despite innovations in diagnostic testing,
surgical technique, and development of new chemother-
apeutic agents. In contrast, the survival rates for other
common neoplasms (breast, prostate, and colorectal
carcinoma) for which similar principles of diagnosis,
staging, resection, and chemotherapy are applied, have
improved dramatically. Although survival improvements
in breast, prostate, and colorectal cancers may be asso-
ciated with effective early detection screening programs,
it is possible that the poor outcomes of lung cancer are
also attributable to fundamental differences in tumor bi-
ology. Unlike breast, colorectal, and prostate malignan-
cies that are predominantly adenocarcinomas, lung can-
cer histology is heterogeneous. Adenocarcinoma
comprises 40% of all lung cancers.® Other histological
types of lung carcinoma include small-cell carcinoma
and non-small-cell lung carcinoma types squamous and
large cell, and carcinoid.

Within non-small-cell lung carcinoma, the case distri-
bution of histology has changed throughout time.
Throughout the past 3 decades the incidence of squa-
mous cell carcinoma has decreased while the incidence
of adenocarcinoma has increased. The change in histo-
logical distribution coincides with the introduction of cig-
arette filters, suggesting that differences in particle com-
position and in anatomical distribution of tobacco
carcinogens associated with cigarette filters may in-
crease rates of adenocarcinoma, a tumor known to arise
in distal portions of the airway and alveolus.”

Current paradigms hold that lung carcinomas arise
from pleuripotent stem cells capable of differentiation into
one or several histological cell types. These paradigms
suggest that lung tumor cell ontogeny is determined by
the consequences of gene transcriptional activation
and/or repression events that recapitulate events impor-
tant in embryonic lung development.® Recent research
examining lung development in model organisms such
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as Drosophila melanogaster and Mus musculus has iden-
tified conserved genes and signaling events,® many of
which have been implicated in carcinogenesis. In hu-
mans, the lung is derived from the endodermal foregut.
The earliest events are ventral outpouching of the foregut,
budding, and branching. Studies in Drosophila indicate
that branchless (homologue of FGF-10), breathless (ho-
mologue of FGFR-2), sprouty (antagonist of FGF signal-
ing), and trachealess (homologue of HIF-1a) encode pro-
teins that mediate primary branching. Subsequent
molecular events in branching morphogenesis and al-
veolarizaton have been examined in rodent models and
are organized temporally into stages. Stages of murine
lung development include: 1) pseudoglandular (E9.5 to
E16.6); 2) canalicular stage (E16.6 to E17.4); 3) terminal
sac stage (E17.4 to postnatal day 5); and 4) alveolar
stage (P5 to P30).” These developmental processes, in
part, are mediated by the sonic hedgehog pathway, lung
transcription factors such as TTF-1, and peptide growth
factor-signaling pathways.

We hypothesized that genes specifically expressed in
non-small-cell lung carcinoma histological classes would
be associated with developmentally regulated genes and
pathways. These associations might provide novel in-
sights into early events in lung carcinogenesis and tumor
ontogeny. In this study, we identified gene marker sets
associated with lung tumor histology and determined the
expression of murine orthologues of these genes in nor-
mal mouse lung development. The adenocarcinoma
gene marker set was associated with gene expression in
the terminal sac and alveolar stages of murine develop-
ment whereas the large-cell carcinoma set was associ-
ated with genes expressed in earlier pseudoglandular
and canalicular stages. The large-cell carcinoma gene
set includes a preponderance of genes associated with
cellular proliferation and cell-cycle regulation, whereas
adenocarcinoma genes were associated with differenti-
ation and signal transduction.

Materials and Methods

Tissue specimens obtained at lung cancer resection sur-
gery were snap-frozen and stored at — 80°C in the Tumor
Bank Facility of Columbia University’s Cancer Center.
Specimens from 32 cases of non-small-cell lung carcino-
mas were cryostat-sectioned and mounted as 10-um
sections. Sections were fixed in 95% ethanol, stained with
eosin, dehydrated, and air-dried. Uncoverslipped sec-
tions were examined microscopically at X40 and neo-
plastic cells were microdissected with a 20-gauge nee-
dle. The microdissected areas of tumor were collected
directly into guanidine thiocyanate for RNA extraction,
using the RNeasy Mini Kit (Qiagen, Valencia, CA) follow-
ing the manufacturer's protocol. Digital photomicro-
graphs were obtained of serial sections before and after
microdissection. Between 10 and 12 sections were dis-
sected per case to obtain a minimum of 2 ug of total RNA.
In addition, RNA was extracted from whole sections cut
from adjacent nonmalignant lung (histology confirmed
microscopically) in seven lung cancer patients. Clinical

Table 1. Characteristics of Patients

Histology Specimen ID Differentiation Stage Gender Age

Adenocarcinoma
AD20009 Poor T2NO Male 62

AD20014 Moderate T2NO Female 73
AD20033 Moderate T2N2 Male 62
AD21001 Well TINO Male 63
AD21002 Well T2N1 Female 39
AD21006 Poor TINO Female 77
AD21011 Moderate TIN2 Female 56
AD21012 Poor T2NO Female 68
AD21013 Well TINO Male 67
AD21014 Poor TINO Female 51
AD22003 Moderate T2NO Female 59
AD22005 Moderate TINO Male 68
AD22009 Moderate TINO Female 82
AD22010 Well T2N2 Female 77
AD99015 Poor TINO Female 66
AD99034 Moderate T2NO Female 79
AD99035 Poor T2N1 Female 70
AD99043 Well TINO Female 56
Bronchioloalveloar
AD22011 Well TINO Female 56
Carcinoid
COID21003 Typical TINO Male 56
COID21010 Typical T2NO Female 71
COID22019 Atypical T2N1 Male 82
COID98461 Typical TINO Male 64
Large cell
LG21004 Poor T2N1 Male 71
LG21021 Poor T2NO Male 78
LG21022 Poor T2NO Male 74
LG21023 Poor T2NO Male 81
Squamous
SQ22002 Moderate TINO Male 83
SQ22004 Poor T2N1 Female 74
SQ22016 Moderate T2N1 Male 71
SQ99011 Poor T2NO Male 63
SQ99014 Poor T2NO Male 65
Nonmalignant
N20003 Female 70
N21023 Male 81
N99014 Male 65
N20028 Female 66
N99034 Female 79
N99035 Female 70
N99015 Female 66

information for the patients was obtained from the medi-
cal record and from patients’ physicians (Table 1). Tumor
specimens were reviewed by two pathologists and clas-
sified using the World Health Organization lung tumor
classification scheme.® In cases in which there was a
discrepancy in histological classification, the slides were
reviewed by a third pathologist and consensus was
reached. All procedures were approved by the Columbia
Presbyterian Medical Center Institutional Review Board.

Target cRNA preparation followed standard proce-
dures recommended by Affymetrix (Santa Clara, CA).8
cRNA was hybridized to the Affymetrix U95Av2 DNA
array that contains probes for ~12,600 human genes.
Raw data were analyzed with Affymetrix Microarray Suite
v5.0 and were scaled to a target intensity of 250 to
facilitate interarray comparisons. Expression data were
filtered to remove genes uniformly expressed at low-
intensity levels or genes that did not show variation
across samples. Genes without raw intensity values >25



in at least four samples or genes that were not present in
at least four samples were excluded. In addition, a SD
filter set at 0.5 was applied, leaving 4631 genes. To
normalize intensity values, a fixed value of 250 was spec-
ified; all of the measurements in each sample were di-
vided by this value. Each gene was divided by the me-
dian of its measurements in all samples. If the median of
the raw values was less than 10, then each measurement
for that gene was divided by 10.

Clustering

Hierarchical dendrograms were generated with CLUSTER
and TREEVIEW programs using median-centered average
linkage unsupervised clustering of log transformed data.®
Supervised clustering was performed using GENECLUS-
TER program,'® available at http://www.genome.wi.mit.edu/
cancer/software/genecluster2/gc2.html. Gene marker lists
associated with histological subtypes or with lung develop-
mental stage (group 1, embryonic days 12 to18; group 2,
postnatal day 1 to adult) were ranked using nearest neigh-
bor t-test statistic based on median gene expression. The
significance of the score for each gene was assessed by
randomly permuting the class assignments 500 times. Self-
organized mapping was performed using GeneSpring (Sil-
icon Genetics, Redwood City, CA).

Annotation

Functional annotations were provided by GO Biological
Process  (http.//www.affymetrix.com/analysis/index.affx)
and by Swiss-Prot. protein knowledge base (http.//us.
expasy.org/sprot/). Biological pathway annotation was
provided by GenMAPP (http://www.genmapp.org).

Mouse Lung Development

Gene expression data of murine lung development was
obtained from the publicly available database: http.//
lungtranscriptome.bwh.harvard.edu/.’* Raw data gener-
ated from the Affymetrix Mu11k array set were normalized
as follows. Each measurement was divided by the 50th
percentile of all measurements in that sample. The per-
centile was calculated with all normalized measurements
greater than 10 for genes not marked absent. For spec-
imens in which the bottom 10th percentile was less than
the negative of the 50th percentile, it was used as back-
ground, and subtracted from all of the other genes first.
Each gene was divided by the median of its measure-
ments in all samples. If the median of the normalized
values was less than 0.01 then each measurement for
that gene was divided by 0.01. Values less than 0 were
set to 0. Murine orthologues of human non-small-cell lung
cancer class gene markers were identified using Re-
sourcerer v.4.0 (http://pga.tigr.org/tigr-scripts/magic/
r1.pl). We identified 322 probe sets on the Mu11k array
matching 189 human genes (supplemental Table S1).
The data were log-transformed before self-organized
mapping to construct a 2 X 1 table with 1000 iterations.
The murine gene-expression data set was filtered to ex-
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clude 22 probes that did not have an orthologue in the
tumor histology classes.

Tissue Microarrays

We used a tissue arrayer device (MTA-1; Beecher Instru-
ments, Sun Prairie, WI) to construct the tissue microar-
rays (TMA) with cores from 80 non small-cell lung tumors.
All lung cancer cases were histologically reviewed and
the areas representative of histological subtype were
marked in the paraffin blocks. In each case, two selected
1-mm-diameter cylinders from two different areas were
included. Included also in each TMA were two cylinders
representing nonmalignant lung tissue from blocks of
randomly sampled lung from each tumor resection. Thus,
four different TMA blocks were constructed, each con-
taining 120 cylinders from 20 tumors.

Immunohistochemistry

TMA blocks were sectioned at a thickness of 5 um and
dewaxed in xylene and rehydrated through a graded
ethanol series and washed with phosphate-buffered sa-
line. Four tumors not included in the TMA were examined
using 5-um sections cut from paraffin-embedded tissue
(two squamous tumors and two large-cell tumors). Anti-
gen retrieval was achieved by heat treatment in a micro-
wave for 10 minutes in 10 mmol/L citrate buffer (pH 6.5).
Before staining the sections, endogenous peroxidase
was quenched.

Immunohistochemical staining was performed on
these sections using 11 different antibodies (Abs). The
staining of the sections was evaluated by a pathologist
(ACB) using uniform criteria. The staining of each anti-
body was recorded as negative (score 0), low positive
(multifocal or diffuse faint staining, score 1), or high ex-
pression (multifocal or diffuse strong staining, score 2)
with uniform cutoffs for all markers. For TTF-1, tumor
protein 63, cyclinD1, CDK4, and histone deacetylase 2,
only nuclear staining was scored. For keratin 5, integrin
a3, docking protein 1, syndecan-1, and singed-like, only
cytoplasmic/membranous staining was scored. For epi-
dermal growth factor (EGF) receptor, only membranous
staining was scored.

Results

Unsupervised Clustering

Samples derived from nonmalignant lung tissue cluster
together (Figure 1A). A bronchioloalveolar cell carci-
noma, AD22011, clusters as a subbranch within the non-
malignant sample clade. As bronchioloalveolar cell car-
cinoma may represent a well-differentiated noninvasive
tumor,'? it is possible that the gene profile of this tumor
(that straddles pre-existing alveolar walls) bridges that of
normal lung and more invasive adenocarcinomas, as has
been shown in other gene profile studies.’®

Because we were interested in genes that discriminate
between lung cancer histological types and because
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Figure 1. Unsupervised clustering hierarchical dendrograms are determined
by histology and morphology. A: Dendrogram of entire set of 39 specimens.
Underlined specimen AD22011 is a well-differentiated bronchioloalveolar
carcinoma that segregates within clade of nonmalignant specimens. B: Den-
drogram of 32 tumor specimens. Restricting the clustering to tumor speci-
mens, lung carcinomas cluster into four clades that are associated with
histology. Placement of outlier specimens (underlined) with histology clas-
sification dissimilar from other members in the clade can be explained by
examination of histological sections.

genes that distinguish these classes may be expressed
in normal lung, we examined unsupervised clustering of
histology using only tumor samples. Thus, we eliminated
gene expression in normal lung tissue as a confounding
factor in the detection of gene expression differences
between histological classes of tumors.

Restricting the clustering to tumor specimens, lung
carcinomas cluster into four clades that are associated
with histology (Figure 1B). Placement of outlier speci-
mens with histology classification dissimilar from others
members in the clade can be explained by examination
of histological sections. Clade 1 includes four of five
squamous cell carcinomas and one adenocarcinoma,
AD22005 (Figure 2, A and B). The histological section of
this adenocarcinoma demonstrates areas of squamous
differentiation lying within a predominantly glandular tu-
mor. Although these areas represent less than 10% of the
total tumor, they may have influenced the gene profile to
include genes that otherwise were seen predominantly in
squamous carcinomas. A designation of adenosqua-
mous carcinoma would require more than 10% squa-
mous differentiation. Clade 2 includes four tightly clus-
tered carcinoid specimens that, within the same clade,

Figure 2. Photomicrographs of underlined tumors from dendrogram in Fig-
ure 1B. A and B: AD22005 from clade 1 segregated with squamous carcino-
mas. A: A gland-forming adenocarcinoma containing small areas of squa-
mous differentiation (B), which accounted for less than 10% of the tumor’s
morphology. C and D: AD21014 from clade 2 segregated with large-cell
carcinomas. C: Gland-forming areas that comprised more than 10% of the
tumor’s morphology. The remainder of the tumor showed poor differentia-
tion (D) similar to the large-cell tumors. E and F: LG21004 from clade 3
segregated with adenocarcinomas. The tumor morphology showed large-cell
features of organoid growth with central necrosis (E) and strong reactivity for
neuroendocrine markers synaptophysin and chromogranin (data not
shown). A minority of the tumor showed cribiform gland structures (F). G-L:
Clade 4 contained one squamous cell carcinoma SQ22002 (G) with rare fields
showing glandular differentiation (H) and two adenocarcinomas AD22009
and AD20009, which showed a majority of adenocarcinoma pattern (Iand K,
respectively) as well as areas of squamous differentiation (J and L, respec-
tively). A-J, H&E stain; K and L, mucicarmine stain. Original magnifications:
x50 (B); X100 (A, C, D, F, H, D; X150 (B, G, J-L).



cluster separately from three large-cell carcinomas and
an adenocarcinoma, AD21014. This tumor has gland-
forming areas (Figure 2C) as well as areas of poorly
differentiated growth (Figure 2D); neuroendocrine mark-
ers synaptophysin and chromogranin are negative. The
presence of glands led to the designation as an adeno-
carcinoma. Another feature of clade 2 is the inclusion of
two subgroups—one with four carcinoids and the other
with three large-cell tumors. This might be explained by
the presence of neuroendocrine differentiation in the
large-cell tumors, a feature in common with carcinoid
tumors. Clade 3 includes a subset of adenocarcinomas
with one large-cell carcinoma, LG21004. This tumor
shows solid and organoid growth with central necrosis
(Figure 2E) and strong and diffuse reactivity for synapto-
physin and chromogranin, leading to its designation as a
large-cell neuroendocrine carcinoma. A minority of the
tumor shows cribriform gland-like structures (Figure 2F),
possibly accounting for the tumor’s segregation into a
clade with adenocarcinomas. Within clade 4 is one squa-
mous cell carcinoma, SQ22002 (Figure 2, G and H). In
this case, the majority of the tumor is a squamous cell
carcinoma, with only a rare field showing glandular dif-
ferentiation. Review of the two adenocarcinoma cases
AD22009 (Figure 2, | and J) and AD20009 (Figure 2, K
and L) in the same subbranch of the clade shows tumors
with a majority of adenocarcinoma patterns (Figure 2, |
and K) and areas of squamous differentiation. None of
these tumors were classified as adenosquamous be-
cause the minority pattern represents less than 10% of
the total tumor. Other unsupervised clustering experi-
ments have demonstrated that, although tumor morphol-
ogy may account for clustering, it is probable there are
other biological and/or clinically associated variables that
contribute to determine specimen-clustering patterns.

Supervised Clustering

To identify genes associated with histology, we per-
formed supervised clustering using nearest neighbor
analysis with a t-test metric. This methodology permits
the assignment of genes to classes in a statistically ro-
bust manner and reduces the problems introduced by
multiple comparisons in nonparametric testing proce-
dures.' For the initial analysis we set up two classes,
tumor and nonmalignant lung. We arbitrarily selected a
marker set size of 250 and determined that the median
score of all genes was greater than the score after 500
random permutations, with P < 0.05, suggesting that the
class assignment was statistically significant (Table S2).
For our primary analysis to determine gene marker sets
associated with specific histological subtypes, we limited
our analysis to the 32 tumor specimens and selected a
marker set size of 100 per class. All genes per class had
scores with P < 0.05 after 500 permutations (Figure 3A
and Table 2).

As an initial validation of gene marker set identification
by microarray analysis, we directly compared gene ex-
pression data with protein expression data obtained by
immunohistochemistry. We selected 11 representative
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genes for which commercial antibodies were available.
All genes were represented in the set of 400 lung histol-
ogy markers. Paraffin-embedded histological sections
were available for 24 of the 32 tumor specimens analyzed
on the microarray (Figure 3B). There was agreement
between gene expression results and immunostaining for
all of the markers except for histone deacetylase 2
(HDAC?2). Although HDAC2 gene expression data sug-
gested restriction to large-cell carcinoma, immunostain-
ing demonstrated expression uniformly in both squamous
cell tumors and in large-cell carcinomas. The protein
expression data discrepancy may be because of poly-
clonal antibody cross-reactivity with nonspecific epitopes
in squamous tumors or it may indicate the presence of
posttranslational modification causing increased immu-
nostaining in squamous cell carcinomas. To further vali-
date the class marker sets determined by gene profiling,
we evaluated protein expression for the 11 selected tar-
gets in a larger cohort of 56 resected non-small-cell lung
carcinomas that were represented on a TMA (Table 3).
Results showed that histological subtype staining was
specific for all markers with the exceptions of docking
protein 1 and syndecan-1, which were evenly distributed
across adenocarcinoma, squamous cell carcinoma, and
large-cell carcinoma tumors. It is possible that nearest
neighbor analysis selected DOK7 and SDC1 as adeno-
carcinoma class markers based on the substantial gene
expression difference between adenocarcinoma and
carcinoid specimens. Of the three carcinoids on which
immunohistochemistry was performed, none showed
staining for syndecan-1 and one showed weak staining
for docking protein 1.

Several of the proteins encoded by genes identified in
supervised clustering have been implicated in embryonic
lung development. We hypothesized that genes associ-
ated with tumor histological classes could be distin-
guished by patterns of gene expression during lung de-
velopment. These differences could be manifest by
temporal distribution according to embryonic stage or by
spatial distribution according to cell location (peripheral,
proximal) or by origin (epithelial, mesenchymal). To ex-
amine the association of lung tumor histological gene
marker sets with temporal stages of lung development,
we used gene expression data previously generated
from murine lungs obtained serially from embryonic day
12 through adult. Despite fundamental differences in lung
development, it has been demonstrated that genes im-
portant in lung development are well conserved across
species.”'®

Murine orthologues for tumor class gene marker sets
were identified and the expression of these genes was
examined in murine lung development. To organize the
genes into clusters associated with developmental stage
we used an unsupervised approach, self-organized map-
ping. Genes were segregated into two temporally distinct
clusters. Group 1 genes were expressed predominantly
earlier in lung development from embryonic day 12
through embryonic day 18 whereas group 2 genes were
expressed predominantly later in lung development from
postnatal day 1 through adulthood. Lung developmental
stages represented by these clusters were pseudoglan-
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dular and canalicular stages for group 1 and terminal sac
alveolar stages for group 2.

To determine whether lung cancer histological cell
type gene marker sets were associated with lung devel-
opment stages, we used supervised clustering to exam-
ine the distribution of murine orthologues for tumor his-
tology markers in the two temporally associated lung
development groups previously identified by self-orga-
nized mapping. Genes representing squamous cell lung
cancers were heterogeneously distributed between
groups 1 and 2 (Figure 3C, Table 4). However, large-cell
carcinoma gene orthologues were almost exclusively ex-
pressed in group 1 and adenocarcinoma gene ortho-
logues were primarily confined to group 2. In addition,
annotation data indicated that subcellular localization of
proteins encoded by group 1 and group 2 genes tended
to be nuclear and cytoplasmic/membrane, respectively.
These data suggest a rationale for the distinctive gene
marker sets for large-cell and adenocarcinoma. This ra-
tionale suggests that large-cell genes represent genes
encoding proteins that primarily facilitate cell growth and
proliferation during the early stages of lung development
whereas adenocarcinoma genes encode proteins that
facilitate differentiation and epithelial/matrix interactions
as occurs in subsequent stages of development. This
interpretation is supported by functional annotation of
molecular function, which showed segregation of func-
tion within large cell, adenocarcinoma, and carcinoid; the
majority of genes were associated with cell-cycle main-
tenance, signal transduction/cell adhesion, and synaptic
transmission/neurotransmitter maintenance, respectively.
Within squamous carcinoma, gene function was evenly
split between cell-cycle maintenance and signal trans-
duction/cell adhesion (Table 5).

Histological Class Representative Genes
Adenocarcinoma

True to its differentiated state, adenocarcinomas ex-
press a number of genes that are crucial to lung terminal
differentiation and maturation. These genes are included
in a well-characterized pathway terminating in expression
of SFTPB, which encodes surfactant protein B. Surfactant
is a component of lipid-rich material that lines alveoli to
reduce surface tension and prevent collapse. In normal
lung, SFTBP expression is specific to alveolar type 2 cells
and nonciliated bronchiolar cells. Null mutations cause
death because of respiratory distress in newborn infants
and in nullizygous mice. A conserved enhancer region
located —331 to —500 contains binding sites for TTF-1
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and retinoic acid response element sites that mediate
retinoid activation of surfactant protein B (SPB).'® TTF-1
encodes thyroid transcription factor 1, a member of the
Nk-2 homeobox family that binds and activates the pro-
moter of thyroid- and lung-specific genes. Mice homozy-
gous for Titf1 are not viable, lacking lung parenchyma.'”
TTF-1 expression is specific to lung and thyroid and
expression is frequent in lung adenocarcinoma. Immuno-
histochemistry for TTF-1 is used to distinguish lung ade-
nocarcinoma from tumors derived from other primary
sites. Activation of the retinoid response element co-
enhancer is suggested by the identification of two genes,
RARRES3 and RAI3, which encode retinoic acid respon-
sive proteins (retinoic acid receptor responder 3 and
retinoic acid induced 3, respectively). Orthologues of
these genes were not included in the murine array used
to assess expression during lung development.
RARRESS overexpression is associated with anti-prolifer-
ative effects in retinoid-sensitive tumor cells.'® The gene
has at least six putative RA response elements to which
retinoic acid receptors may bind.'® RAI3 is a G protein-
coupling receptor that was induced by all-trans-retinoic
acid in squamous cell carcinoma cells and is constitu-
tively expressed in fetal and adult lung.™®

Large-cell Carcinoma

In contrast to the adenocarcinoma gene markers that
represented lung differentiation pathways, the large-cell
carcinoma gene markers were associated with cellular
proliferation functions including DNA replication and cell-
cycle maintenance. Cell-cycle genes included those in
the E2F3 pathway. E2F3 is a member of a family of
transcription activators (E2F1-6) that is specifically regu-
lated by the retinoblastoma protein tumor suppressor in a
cell cycle-dependent manner. Independent of other E2F
members, E2F3 activation mediates cell growth and pro-
motes entry into S phase thus controlling cellular prolif-
eration.?® E2F3 has been shown to act in a dose-depen-
dent manner on mitogen-induced transcriptional
activation of E2F responsive genes such as MYBL2,?'
which also was identified in the large-cell marker set.
Within the large-cell marker set were several other genes
whose functional annotation places them upstream of
E2F3 in cell-cycle maintenance. These genes included
HDAC2, CDK4, and PCNA.

Squamous Cell Carcinoma

Among the murine lung developmentally regulated
genes that were expressed in squamous cell carcinomas

Figure 3. Histological class gene marker sets determined by nearest neighbor supervised clustering. A: Nearest neighbor analysis with a #test metric was used
to identify and rank 100 gene markers for each non-small-cell lung cancer histology class relative to other classes (Table 2). The top 15 markers per histology are
shown. For each gene, red indicates a high level of expression relative to the median and blue indicates a low level of expression relative to the median. B:
Validation of gene marker sets with immunohistochemistry. Eleven proteins for which antibodies previously used on paraffin sections were commercially available
were selected. Top: Supervised clustering diagram excerpts from Figure 3A. Bottom: Antibody reactivity for each sample. For each protein, blue, pink, and red
indicate a score of 0 (negative), 1 (low positive), and 2 (high positive), respectively. C: Nearest neighbor analysis was used to classify and rank Mullk gene
markers associated with two temporally associated gene groups. Genes were filtered to remove 22 murine genes without a human orthologue in the histology
marker sets. Shown are expression profiles for group 1 (left) and for group 2 (right) genes that were more highly associated with group distinction than 95%
of random permutations of the group labels (P < 0.05). Lung development stages represented by group 1 (days E12 to E18)- and group 2 (postnatal D1 to
adult)-expressed genes are pseudoglandular/canalicular and terminal sac/alveolar, respectively. Each row shows gene expression throughout time for murine
genes. The corresponding human histology gene orthologues for large-cell carcinoma are indicated in red, adenocarcinoma in blue. Other gene labels for

carcinoid and squamous carcinomas are indicated in gray.
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Table 2. Top 100 Ranked Genes for Histology, as Determined by Nearest Neighbor Analysis

Rank ADENO CARCINOID LARGE CELL SQUAMOUS
1 PPIC CPE AF1Q KRT5
2 MUC1 NAP1L3 HMGB2 EGFR
3 EMSH PTPRN2 LRP4 SNL
4 BENE BC008967 RAD21 FLJ20552
5 LGALS3 TM4SF2 PCNA HMGCS1
6 MEIS3 COBL MDK RANGAP1
7 KIAAQ792 VAMP2 SNRPC SIAH2
8 TCF2 feature_1373 CDK4 ARL7
9 APLP2 CSPG5 TOP2A METAP1
10 SLC21A9 CALM1 H4FG ANXA8
11 FERIL3 CIRBP UBE2N ITGAG
12 MYOID RAGB MTHFD1 FUS
13 CuBPB2 TCEAL1 E2F3 CSNK1G2
14 feature_1452 CKB SPAG5 U2AF65
15 FUCA1 GABARAPL2 IPW P8
16 CD97 ZNF36 KIAA0601 ILF3
17 RNSH1 BTBD3 H2AFZ TAFA1
18 TNFSF13 DDC MCM7 DVL3
19 ITGA3 AlPA1 BAG2 TP63
20 GALNT3 13CDNA73 FEN1 HSD11B1
21 MUCH1 FLJ21174 CSPG6 TFDP2
22 P2RX4 WWOX CDH2 FGFR2
23 CAPN2 DCTN3 PA2G4 ANXA2
24 AIMA1 feature_3901 DEK KRT19
25 S100A10 AKAP11 PCCB GCLC
26 ERBB2 KCNH2 EEF1EA GPNMB
27 TTF-1 TDEIL LAPTM4B KLF5
28 RGS13 UBL3 feature_1629 NOL1
29 CEBPB ENO2 CKS1B GPSN2
30 CTSH Cl8orf1 PFN2 GJAT
31 HFLA AKAP9 feature_1579 CNAP1
32 CDSH KIAA0GB75 TEBP C3orf4
33 HRASLS3 SKP1A COX6C LMLNB2
34 CAV2 DP1 TCFLA IL1RAP
35 CRIP1 feature_371 HDAC2 COMT
36 KDELR3 MOX2 TS DNASE2
37 PNT5 FXY2 ILF2 SLC7A5
38 FOS TOX feature_2901 ITGA2
39 MEIS3 CKB NSEP1 LTBR
40 FLJ22182 DTNA RFC4 COPS7A
41 LY75 feature_4206 CKAP1 PRKX
42 ADAMS8 Cl3orf1 MPHOSPH9 SRRM2
43 CASP4 13CDNA73 KHDRBS3 CX3CLA1
44 SFTPB ATP7A CKS2 UBE2|
45 CEACAM®6 CTSF TCF12 TP11
46 KRT18 OPTN MCM2 TFRC
47 LAMP2 THRA BUB3 FGFR2
48 feature_3382 NR1D2 FUBP1 TIA-2
49 PARGH1 NSP feature_1560 CSNK1G2
50 WFDC2 SULT4A1 SMARCC1 TOMM40
51 DOK1 CALMA SRP9 GALNT3
52 MUC1 SYNJ1 SFTBP1 ATP1B3
53 BLVRA RLN2 ILF3 IGF1R
54 SELENBP1 AES ZWINT A4
55 SDC1 KIAAQ721 HSPE1 ACO2
56 SMURF2 feature_26 NF1B feature_2841
57 PRSS8 feature_2440 TDG KYNU
58 VAVA CACNA1D TTK REL
59 VAMP8 KIAA0240 DSCR2 NDRG1
60 ANXA3 feature_3310 TCP1 FLJ12671
61 PRSS16 TERF2IP GMPS FXYD3
62 CENTD1 CGR19 MCM3 IGF1R
63 TNFRSF10B FGF7 RCN2 STK17A
64 DAF feature_4554 KIAA0286 dJ512B11.1
65 ARHD FLJ11806 ADPRT REA
66 MYO1D feature_2099 PRKDC LMO4
67 ITPR3 STXBP1 TFDP2 EXT1
68 CDS1 CGR19 feature_1868 PIK3R2
69 SLC16A5 feature_361 TEGT GPRC5B

(Table continues)
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Table 2. Continued

Rank ADENO CARCINOID LARGE CELL SQUAMOUS
70 PIK3CG H-plk RNGTT RFC4
71 PDXK ARPP-19 RAE1 MAPKA1
72 HNPCC6 KIF3C VRK1 GABRE
73 RELA HNRPAO POLR21 SNRPF
74 EPB72 DXS1283E SNRPB EFS2
75 ERBB3 EPB4IL3 OAZ2 MGC5508
76 ITGA3 ST7 GP1 MYLK
77 AHR PQBP1 MGC5576 TACC1
78 SH3BP5 SLC9A6 E2-EPF HSBFC
79 SCP-2 KCNK3 E2-EPF ARHE
80 KIAA0937 TACC2 POLA2 WWP1
81 ASAH1 KIAA0443 MYBL2 EIF4G1
82 TYROBP ATP2B2 MSH2 TR1P6
83 RAI3 DJ971N18.2 CXCR4 CCNF
84 YAPA CGEF2 TCP1 MCM5
85 IFI35 SLC25A4 MAC30 STHM
86 PTK6 feature_3672 BLMH XRCC9
87 VEGFC H1FX ACAT2 ZNF36
88 TCF21 ATRX H2AV GSK3B
89 FCGRT KL TCP1 PWP1
90 MD-1 MAGED2 LSM4 MCC
91 FLJ12443 BTEB1 PRIMA1 WNT5BA
92 TSSC3 APBB2 HTATSF1 DKFZp564D206
93 LOC57228 KIAA0903 COX5A KYNU
94 RARRES3 HIRA TOP2A DD1
95 KRT7 argBP1B PRKDC UBE21
96 CCND1 PPP3CB P311 feature_3021
97 ALDH2 ALEX2 CHAF1A PSMD3
98 TJP3 FACL3 AHCY DZIP1
99 SEC24A MEF-2 NASP TFRC

100 TSPAN-1 PEG10 FXR1 E2-EPF

was EGFR, which encodes the tyrosine kinase epidermal
growth factor receptor. On activation, EGFR induces Ras
signaling pathways and is also involved in cytoskeletal
rearrangement. Expression is vital for normal epithelial
development®® and overexpression or amplification is
frequently associated with squamous cell carcinomas of
the lung, oropharynx, and skin as well with other non-
small-cell lung carcinomas.?® Downstream targets of
EGFR activation signaling pathways include MAPK1 and
keratin 5°* a member of the basic families of keratins.
Keratin 5 is specifically expressed in the basal layer of
the epidermis and has been reported to be overex-
pressed in lung squamous cell carcinomas. Germ-line
mutations are associated with the skin-blistering disor-
der, epidermolysis bullosa simplex.?®> A second develop-
mentally regulated pathway identified in the squamous
cell marker set is Wnt/B-catenin. Wnt5A, a member of the
Wnt family of signaling molecules binds to the Frizzled
family receptor that activates Dishevelled, of which DVL3
is one of three family members. Disheveled leads to
stabilization and accumulation of B-catenin in the cyto-
plasm, thus facilitating cellular proliferation mediated
through TCF/LEF transcription factors.?®

Carcinoid

Several genes identified in the carcinoid marker set are
important in neuropeptide signaling and synaptic vesicle
trafficking, specialized functions that are associated with
the well-differentiated histology of these neuroendocrine

tumors. Carboxypeptidase E (CPE) is involved in the
biosynthesis of peptide hormones and neurotransmitters,
functioning to facilitate packaging of these peptides into
secretory granules in a calcium-dependent manner.
Other genes whose biological processes include synap-
tic transmission include dystrobrevin a (DTNA); PRKA,
and potassium channel, subfamily K, member 3
(KCKNK3). Notably absent from the carcinoid marker set
was ASH1 or achaete-scute homolog-1. ASH7 encodes a
basic helix-loop-helix transcription factor that regulates
neuroendocrine differentiation of epithelium and has
been detected frequently in carcinoid and small-cell lung
carcinoma tumors.?” Probes interrogating ASH7 were de-
tected as being present in all large-cell carcinomas, in
two of four carcinoids, and in a single adenocarcinoma
and squamous carcinoma (data not shown). The gene
was excluded from clustering analyses in our data set
because of filtering criteria designed to restrict analysis
to genes that demonstrated variability in expression
across all samples.

Discussion

We have identified gene expression profiles associated
with non-small-cell lung cancer histological class and
have validated these data using protein expression anal-
ysis in a larger, independent cohort of tumors. Examina-
tion of the expression of these genes in lung development
has identified developmentally associated genes and
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Table 3. Tissue Microarray Immunostaining Results with Antibodies Used in the Analyses, Indicating Source and Dilution

Marker Adenocarcinoma Squamous Large cell Clone Source Dilution
Integrin alpha 3* 18/47 (38.3%) 1/9 (11.1%) 0/12 P1B5 Santa Cruz 1:50
TTF-1*F 36/49 (73.5%) 0/9 6/12 (50%) 8G7G3 DAKO 1:200
Docking protein 1 31/45 (68.9%) 6/9 (66.7%) 7/12 (58.3%) A-3 Santa Cruz 1:100
Syndecan 1 36/49 (73.5%) 8/9 (88.9%) 7/12 (58.3%) M 115 DAKO 1:50
Cyclin D1* 32/47 (68.1%) 4/9 (44.4%) 4/12 (33.3%) DCS-6 DAKO 1:400
CDK4™" 18/47 (38.3%) 4/9 (44.4%) 10/12 (83.3%) Polyclonal Santa Cruz 1:200
Histone deacetylase 2** 30/47 (63.8%) 9/9 (100%) 12/12 (100%) Polyclonal Abcam 1:1000
Keratin 5** 5/48 (10.4%) 7/9 (77.8%) 2/12 (16.7%) D5/16B4 DAKO 1:50
EGF receptor* 38/48 (79.2%) 9/9 (100%) 6/12 (50%) 31G7 ZYMED 1:40
Singed-like* 28/47 (59.6%) 9/9 (100%) 10/12 (83.3%) 55K-2 DAKO 1:100
Tumorprotein 63** 12/49 (24.5%) 9/9 (100%) 2/12 (16.7%) 4A4 DAKO 1:200

*Adenocarcinoma versus squamous carcinoma a, P < .05.
*Adenocarcinoma versus large cell, P < .05.
*Squamous vs. large cell- P < .05

pathways associated with each histological class that
may correlate with tumor differentiation and growth prop-
erties.

Other researchers have examined gene profiles of
non-small-cell lung carcinoma. These studies have ex-
amined tumor homogenates and have determined that
tumors generally segregate according to histological
subtype.28-30 |n these studies, unsupervised cluster-
ing identified common genes associated with histological
class across multiple data sets, including ours (ie,
SFTPB, MUCT1, TTF-1, HMG2, TP63, and KRT5). How-
ever, there was relatively little overlap in gene sets. Some
of this variability may be explained by differences in
platform used for analysis (oligonucleotide versus cDNA
array) and some by possible differences in tumor heter-
ogeneity. To reduce variability by tumor heterogeneity
and to focus on gene profiles associated with tumor
morphology properties, we used microdissection and ex-
cluded normal tissue specimens from gene marker se-
lection analysis. Using a supervised clustering approach
with a small number of samples, we were able to distin-
guish clusters tightly associated with tumor morphology.
In most cases, tumors segregated according to patho-
logical histology classification. In exceptions, review of
histological sections frequently identified intratumoral
heterogeneity that could account for gene expression
classification. Intratumoral histological heterogeneity is
common and is frequently encountered in the patholog-
ical classification of adenocarcinoma and squamous car-
cinomas. World Health Organization recommends quan-
titative criteria for tumoral classification into histological

Table 4. Lung Development Stage Distribution of Tumor
Histology Gene Markers
Histology Group 1 Group 2 Total P value
Adenocarcinoma 6 34 40 <.0001
Carcinoid 7 18 25 <.0073
Large cell 51 4 55 <.0001
Squamous 25 18 43 0.7154

Group 1 and group 2 are genes associated with lung development
stages, as defined for Figure 3C.

Data shown are number of unique Hu95Av2 histology marker
probes.

Chi-squared test procedure P values for each histology are
indicated.

classes and if the minority pattern exceeds 10% of the
tumor, the specimen is classified as an adenosquamous
tumor; else the specimen is classified by the majority
pattern. It remains unclear what extent the relative con-
tribution of intratumoral heterogeneity provides to heter-
ogeneity of gene expression profiles. As methods evolve
to reliably analyze small homogeneous microdissected
clinical specimens, these issues will be directly ad-
dressed.

Current paradigms hold that neoplasia recapitulates
ontogeny. We hypothesized that gene marker sets asso-
ciated with lung cancer histology would identify develop-
mentally regulated pathways that would provide informa-
tion about lung carcinogenesis and morphogenesis. We
were able to demonstrate that histology marker set ortho-
logues were clustered temporally in normal lung devel-
opment. Genes associated with large-cell carcinoma
were expressed in pseudoglandular and canalicular
stages whereas genes associated with adenocarcinoma
tended to be expressed in the later, terminal sac and
alveolar stages of murine lung development. There are
some limitations to our approach linking non-small-cell
genes with lung development. Not all human genes iden-
tified in our supervised clustering analysis were repre-
sented by orthologues on the murine array. Additionally,
the developmental profile solely examined global differ-
ences in gene expression throughout time, which may
exclude identification of genes that regulate lung devel-
opment through changes in cell-type-specific expression
or by matrix/epithelial interactions. Nevertheless func-
tional annotation provided insights into molecular differ-
ences between non-small-cell lung histological subtypes;
most notably between large cell and adenocarcinoma.

A primary distinction delineated by the pathways was
terminal differentiation in adenocarcinoma and undiffer-
entiated proliferation in large-cell carcinomas. The mech-
anisms driving these divergent pathways are unclear. Itis
possible that the stimulus is dependent on the cell of
origin. Distinct epithelial progenitor cells give rise to prox-
imal conducting airways compared with peripheral air-
ways and alveoli in a murine model,®" suggesting that the
cells of origin for peripheral adenocarcinomas may differ
from those of proximal large-cell carcinomas. Alterna-
tively, the distinction might be dependent on conse-
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Table 5. Functional Annotation of Representative Histologic Class Marker Genes, Indicating Lung Development Stage

Development group

Function

Adenocarcinoma
CCND1*
ITGA-3*
DOK1*
FOS
MUCH1
SFTPB
VEGFC
RAI3
RARRESS3
SDC1+
TTF-1*

Carcinoid
HIRA
AES/HBOA
CPE
GABARAPL2
STXBP1
THRA
DTNA
KCKNK3
PRKA

Large cell
BAG2
BUB3
CDK4™*
E2F3
HDAC2*
HMG2
MCM2, 3, 7
MDK
PCNA
TCPA
MYBL2

Squamous
DVL3
FGFR2
FUS
SNL*
CX3CL1/SCYD1
ITGA2
KLF5
KRT19
WNT5A
EGFR™
KRT5*
MAPK1
TP63*

G G G G G Y DN N N — NN = —

NPDNONDNON = = =

Cell cycle

Cell adhesion

Signal transduction
Signal transduction
Signal transduction
Respiration, organogenesis
Signal transduction
Signal transduction
Negative cell proliferation
Signal transduction
Transcription factor

Transcription regulation

Organogenesis

Neuropepetide signaling pathway

Cell shape and cell size

Golgi to plasma membrane transport, exocytosis
Transcription

Synaptic transmission

Synaptic transmission

Synaptic transmission

Protein folding

Cell cycle

Cell cycle
Transcription factor
Transcription regulation
Transcription regulation
Cell cycle

Signal transduction
DNA replication, cell cycle control
Protein folding

Cell cycle

Signal transduction, morphogenesis
Signal transduction

Transcription regulation

Cell shape and cell size

Signal transduction

Cell adhesion

Transcription from Pol Il promoter
Cell shape and cell size

Signal transduction

Cell shape and cell size, signal transduction
Cell shape and cell size control
Signal transduction

Apoptosis

*Immunohistochemistry data in Figure 3B.
Development group 1; Pseudoglandular, canalicular stage;
Development group 2; terminal sac, alveolar stage.

quences of carcinogen-specific activation of pathways
that determine tumor morphology. For example, epithelial
injury induced by systemic naphthalene induces airway
neuroendocrine cell proliferation that is associated with
sonic hedgehog-signaling pathway-mediated recapitula-
tion of lung epithelial development.®?

Identification of pathways associated with tumor histol-
ogy may have clinical implications. Adenocarcinoma
gene pathways tend to represent steps in lung terminal
differentiation while in contrast, pathways associated with
large-cell carcinoma include genes such as E2F3 that
inactivate the Rb-mediated G, checkpoint and lead to
increased cell proliferation in S phase. Persistent E2F3
expression prevents growth arrest and terminal differen-

tiation,®? thus indicating a mechanism contributing to the
undifferentiated, highly proliferative state of large-cell
lung carcinomas. The molecular differences associated
with tumor morphology may account for the poorer prog-
nosis of large-cell carcinoma histological type compared
with other non-small-cell lung cancer subtypes, control-
ling for clinical stage.>*

The identification of developmentally regulated path-
ways that are active in tumorigenesis may provide in-
sights into early steps of lung carcinogenesis and sug-
gest these steps may differ according to the eventual
tumor morphology. The identification of disparate path-
ways leading to specific lung tumor histological classes
indicates that future approaches to development of diag-
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nostic biomarkers and targeted therapeutics may need to
encompass several pathways that are histological sub-
type-specific.
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